In the present study, aerodynamic performance of a four-stage reheating radial inflow turbine, which is adopted in the 1.5 MW supercritical compressed air energy storage system, is analyzed by using the method of integral numerical calculation. Results illustrate that when the inlet total pressure of the first stage is decreased, the expansion ratio of the fourth stage decreases the most. System isentropic efficiency decreases about 1% when the inlet total pressure of the first stage is changed from 7 MPa to 3 MPa, and the fourth stage's isentropic efficiency decreases about 7%. When the rotational speed is decreased, isentropic efficiency and total power decrease gradually and isentropic efficiency changes from 90.5% at 110% speed ratio to 71.1% at 60% speed ratio. Increasing reheating temperature results to the decrease of mass flow rate and isentropic efficiency and the increase of total power. Total power increases by about 105% when the reheating temperature is changed from 60 C to 520 C. When the guide vane opening of the first stage is increased, the expansion ratio of the first stage shows different trends compared to other stages and mass flow rates, and total power are proportional to the guide vane opening. System isentropic efficiency decreases by about 4% when the guide vane opening is adjusted from 80% to 30%.
Introduction
In recent years, energy storage has become a more and more important tool for energy utilization. 1, 2 For large-scale energy storage, compressed air energy storage (CAES) and pumped storage are the two main feasible methods. [3] [4] [5] Compared to pumped storage, CAES has the advantages of fewer environmental restrictions, fewer construction costs, and so on. 6 Considerable theoretical research and demonstration projects have been conducted, which indicates a bright future for CAES.
As a key part of the CAES, turbo-expander has a significant impact on the system. Axial and radial inflow turbines are the two main common kinds of turbines used in CAES. Compared to an axial turbine, the main advantages of a radial inflow turbine are its higher expansion ratio and higher efficiency at small mass flow rates. Radial inflow turbines have been widely used in aircraft auxiliary power units, cryogenic expanders and automotive turbochargers. 7 To meet the requirements of higher expansion ratios, multistage radial inflow turbines are further used in the waste heat and pressure recovery, solar thermal power, CAES, and so on. [8] [9] [10] The performance of a multistage radial inflow turbine is mainly affected by the aerodynamic performances of each stage and the compatibility of the adjacent two stages. For a single-stage radial inflow 1 turbine, the influences of impeller size, vane number, and tip clearance on the efficiency of radial inflow turbines were investigated by Hiett and Johnston. 11 Kofskey and Haas 12 researched the influence of load on the efficiency of radial inflow turbines. Impacts of area change rate of the impeller passage, impeller outlet diameter, and tip clearance on the efficiency of radial inflow turbines were revealed by Watanabe et al. 13 Simonyi et al. 14 designed a compact radial inflow turbine, which was experimentally studied. Jones designed a high expansion ratio radial inflow turbine, and its overall performance was also studied experimentally. Concerning multistage radial inflow turbines, a three-stage radial inflow turbine with a steam working medium was simulated and analyzed by Li and Zheng. 15 He also studied the influence of the admission on the multistage radial inflow turbines. 16 Both numerical and experimental performance maps of an ORC radial inflow two-stage turbine were researched by Hamdi et al. 17 A fourstage radial inflow turbine with inter-stage reheaters of the first 1.5 MW supercritical compressed air energy storage system (SCAES) system was designed and researched by Zhang et al. 18, 19 The turbines and inter-stage reheaters are shown in Figure 1 . Zhang et al.'s work was mainly concern on the experiment and rated calculation results.
Inter-stage reheaters are used in SCAES system, while they are not employed by the traditional multistage radial inflow turbines. Additionally, large total expansion ratio and the same reheated temperature are the two main special characteristics of the SCAES system. However, the SCAES system often does not operate under its rated conditions and variable operating characteristics of the multistage reheating radial inflow turbine in the system are still unknown. Further study of the variable operating characteristics of this multistage reheating radial inflow turbine should be conducted by computational fluid dynamics (CFD).
Traditional numerical research methods on multistage reheating radial inflow turbines require many calculations for variable operating conditions at each stage. Inter-stage parameter-matching of the adjacent two stages can be achieved according to each stage's characteristic curves. However, too much time is required by this method for a single operation condition. In addition, variations of inter-stage reheaters pressure loss at variable operating conditions cannot be considered with the traditional methods.
To overcome the disadvantages of traditional numerical research methods, an integral numerical calculation method is provided in this paper for investigating the multistage reheating radial inflow turbine. Multistage radial inflow turbines and inter-stage reheaters are included in the numerical simulation. Mass flow rate, expansion ratio, and isentropic efficiency of each stage can be achieved through one numerical calculation cycle. For the multistage reheating radial inflow turbine, mass flow rate, expansion ratio, and isentropic efficiency of each stage will be changed with the inlet total pressure of the first stage, rotational speed, reheating temperature, guide vane opening, and so on. The overall characteristics and internal flow characteristics of these variable operating conditions are investigated in this paper.
Research object and methods

Research object
The turbo-expander system, which is used in the 1.5 MW SCAES system, includes four-stage radial inflow turbines and inter-stage reheaters and is shown in Figure 2 . Inter-stage reheaters are installed before the expander of each stage. The first-and second-stage turbines are installed at the ends of a shaft by a ''back-to-back'' method. The same arrangement is used for the third-and fourth-stage turbines. These two shafts and a spindle are contacted by a gear, which is in the middle of the shaft. The generator is driven by the principal axis of the gearbox. Compressed air is first reheated in the reheaters, and then enters the expanders for expansion.
The guide vanes of the first and third stages are adjustable and they are used to adjust the expansion ratio of each stage to obtain a better expansion ratio distribution of each stage. In order to reduce the rotor tip clearance leakage flow loss under high pressure, shrouded blades are used for the first and second stages.
CFD calculation method
The numerical model used in this paper is depicted in Figure 3 . Four-stage expanders are connected by ''connect channels'' in a specific sequence. Shaft directions of all of the expanders are specified along the Z-axis. Rotational speeds for these four expanders are specified in accordance with the actual operation condition. Inter-stage reheaters are also included in the ''connect channels'' to provide reheated temperature. Guide vane and rotor numbers of each stage are shown in Table 1 . Geometric parameters of each stage are shown in Table 2 . Figure 4 shows a schematic of the guide vane and rotor. The four-stage rotors are shown in Figure 5 .
Total number of cells is about 4.4 million after the independent verification. Computational cells of the multistage reheating radial inflow turbine are shown in Figure 6 .
If the plate-fin heat exchanger is simulated directly, cell generation is a tough task. In addition, if cell number is large, a long time is required for the calculation. To solve this problem, a porous media model is used to simulate the plate-fin heat exchanger. 20 This method has been used since the 1970s and calculation results proved it to be effective and accurate.
Performance of the system and each stage are the main focus of this paper, so the inter-stage reheaters are not a key part. Only the inter-stage temperature increases and pressure drops need to be primary considerations for the numerical simulation. In order to simplify the computational geometry, the plate-fin reheaters shape is changed. Even though this change may lead to the increase of computational errors, the revision of loss coefficient in porous media can reduce errors. Moreover, the value of reheater pressure drop is small compared to the internal pressure drop of each stage and its accuracy requirement is not high.
A directional loss mode is used for the nonuniformity of fluid velocity. Loss coefficient is employed to control the inter-stage pressure loss. For the interstage temperature increase, total heating value is given to match the requirement. CFX 12.1 is applied for the numerical simulation. Turbulence model of finite volume, finite volume method, and second-order upwind scheme are used in the mathematical calculation. Multi-grid is used for the calculation accelerating convergence. No-slip and adiabatic boundary are used on the wall. And circumferential averaging flow value method is imposed to transfer data between the guide vane and rotor. A total energy model is used for heat transfer of governing equation. This mode is used to solve the transport of enthalpy and the influence of kinetic energy has been considered. Stage method is used to transfer data between stator and rotor. The y þ value is required to be between 30 and 300 for the k-" turbulence model, where the first layer mesh thickness should be adjusted to keep most y þ within this range. For the calculation material, a real air property table generated by the CFX-TASC flow is employed. At the inlet boundary of first stage, total pressure, total temperature, and circumferential flow angle are given. At the outlet boundary of last (fourth) stage, average static pressure is imposed.
Validation of numerical methodology
In order to verify the validation of the numerical simulation methodology in this paper, the calculation results are compared with the experimental results for the 1.5 MW SCAES. The main boundary conditions are shown in Table 3 .
For the experiment, when the turbine system is started, the rotational speed of the first stage increases from 0 to 36,000 r/min and the inlet total pressure changes from 0 to 4 MPa in about 5 min. Meanwhile, inlet total temperature of each stage can be kept in a certain range. Then inlet total pressure changes from 4 to 7 MPa and the rotational speed, and inlet total temperature stay almost constant. Expansion ratio and power can be obtained in the process.
Calculation results and experimental results are shown in Figure 7 . From Figure 7 (a), it is clear that the same trend is shown for the expansion ratios of four stages. However, the values of the numerical calculation are a little higher than the experimental results except the fourth stage. The differences between the numerical calculation and experiment mainly derive from two reasons. Firstly, some parts with little pressure loss are not included in the calculation. Secondly, the steady state is used in the numerical calculation and the experiment process is a relative steady-state condition. The same trend for power is shown in Figure 7 (b). In general, the calculation and experimental results matches well, which means that the numerical simulation is reliable.
Performance and analysis at variable operating conditions
Compared to the rated condition, variable operating conditions are more complex and need to be investigated. Moreover, SCAES system does not always operate under the rated condition for different power and efficiency requirements. To investigate the influences of variable operating conditions on the overall performance and the internal flow characteristics of the multistage reheating radial inflow turbine, four kinds of variable operating conditions are investigated. These conditions include the change of the inlet total pressure of the first stage, rotational speed, reheating temperature, and guide vane opening. Effect of the inlet total pressure of the first stage
During the running of a SCAES system, pressure of the gasholder will be decreased with the time, which leads to the drop of the inlet total pressure of the first stage. The expansion ratios of each stage will be redistributed and efficiencies as well as powers will be changed at the same time. Figure 8 shows the expansion ratios of each stage under different inlet total pressures of the first stage. It can be seen that there is little change for the first two stages. However, the third-stage expansion ratio increases with the inlet total pressure of the first stage when it is below 5.5 MPa. Guide vane channel cross section is the same as Laval nozzle. When the first stage inlet total pressure is above 5.5 MPa, with the increasing of pressure, the flow velocities in fourstage guide vane channels are supersonic, which leads to the inlet total pressures of each stage change linearly and the expansion ratios of the first three stages are almost invariable. When the first-stage inlet total pressure is below 5.5 MPa, with the increasing of pressure, the flow velocity in the fourth-stage channel vane is subsonic. For the third stage, the increase in the inlet total pressure is less than the fourth stage, which leads to the decrease in the expansion ratio of the third stage. As to the fourth stage, the expansion ratio keeps increasing with the inlet total pressure, which is due to the unchanged outlet total pressure of this stage.
The system average isentropic efficiency is defined as
where ÁH n is the enthalpy drop of each stage and ÁH isp-n is the isentropic enthalpy drop of each stage. Figure 9 reveals the isentropic efficiency changes with different inlet total pressures of the first stage. It is clear that the varieties of the isentropic efficiencies of the first three stages can be neglected. The expansion ratios of these stages are around the optimal values following the increase of the inlet total pressure. In this condition, enthalpy and isentropic enthalpy are mainly related to the expansion ratio and the influence of inlet total pressure can be negligible. Isentropic efficiency of the fourth stage decreases with the inlet total pressure of the first stage when it is less than 4 MPa or above 6 MPa. This decrease is more obvious when the pressure is less than 4 MPa. When the expansion ratio of the fourth stage is beyond the optimal expansion ratio, a significant loss increase can be seen, particularly in small values, which leads to the drop of isentropic efficiency. The loss will be explained in detail later. System average isentropic efficiency has a similar trend with the fourth stage in a smaller changing scale, since the ratio of the fourthstage power to the total power decreases rapidly when the inlet total pressure of the first stage is below 4 MPa. Figure 10 represents the mass flow rate and total power with different inlet total pressures of the first stage. It can be seen that the mass flow rate and total power increase linearly with the inlet total pressure of the first stage. For the variety of mass flow rate, it is in direct proportion to the inlet total pressure of the first stage when the flow in the guide vane of the first stage reaches a critical condition with ideal gas. Although this relationship is obtained with ideal gas theory, error using this conclusion with real air is small and the result is acceptable. For the variation of total power, this mainly results from the linear trend of mass flow rate. Strictly speaking, total power and inlet total pressure of the first stage do not display a linear relationship, which results from the system per unit mass power decreasing with the inlet total pressure of the first stage. However, as the decrease is a small value compared to the mass flow rate, an approximate linear relationship is shown for the total power and the inlet total pressure of the first stage in Figure 10 .
Expansion ratio and isentropic efficiency of the fourth stage change more than the other three stages, so the internal flow characteristics of the fourth stage will be investigated next. First, guide vane channel internal flow is investigated. It can be seen that the outlet angle changes little with the inlet total pressure of the first stage, only increasing from 75.7 at 3 MPa to 76.4 at 10 MPa. However, outlet velocity has a different trend, as shown in Figure 11 . Its increasing rate declines gradually with the increasing inlet total pressure. Outlet velocity is about 340 m/s when the inlet total pressure is above 8 MPa.
Efficiency of the fourth stage has an obvious drop when the inlet total pressure of the first stage is below 4 MPa. Static pressure distribution at 50% rotor blade height of the fourth stage is shown in Figure 12 . It is clear that the load deterioration occurs at the first 20% area of rotor channel. To analyze this phenomenon, the 3D streamline of rotor channel is investigated, as shown in Figure 13 . There is an obvious vortex at the inlet part of rotor channel, which is due to the mismatching between the rotor's linear velocity and the guide vane channel outlet flow's circumferential velocity. When inlet total pressure is lower, the vortex is larger and the load deterioration is more serious.
Pressure on the pressure surface is even lower than that of the suction surface at the inlet part, which leads to the blades consuming power. This phenomenon is more obvious and deterioration area is larger when the inlet total pressure is lower. This leads to the obvious drop of efficiency when the inlet total pressure of the first stage is lower than 4 MPa.
When the inlet total pressure is above 6 MPa, the mismatching of the rotor's linear velocity and guide vane channel outlet flow's circumferential velocity is small and the internal flow of rotor channel is uniform. The efficiency drop is mainly due to the increasing friction loss between the channel surface and flow.
Effect of rotational speed
Rotational speed has a significant influence on the power and isentropic efficiency. To investigate this relationship, several conditions of rotational speed ratio from 60% to 110% are calculated and analyzed. Figure 14 illustrates the relationship between the expansion ratios of each stage and the rotational speeds. It is clear that the changes of expansion ratio of each stage are small during the variation of rotational speed, which results from the system mass flow rate remaining constant almost across different rotational speeds. Flow in the guide vane channel throat reaches a critical condition and mass flow rate is almost in direct proportion to the inlet total pressure, so the inlet total pressures of each stage change little according to the mass conservation law. Expansion ratios of each stage also change little. Figure 15 illustrates the isentropic efficiencies across different rotational speeds. Efficiencies increase with higher rotational speed. As the rated rotational speed is less than the optimal rotational velocity, incidence loss increases as the rotational speed is reduced. Moreover, as the expansion ratios of each stage change little, isentropic enthalpy drops of each stage also change little. For these two factors, isentropic efficiencies of each stage increase with the increasing rotational speed. Since each stage has the same trend, system average isentropic efficiency also becomes smaller with lower rotational speeds. Figure 16 represents the mass flow rate and total power with different rotational speeds. From this, it can be seen that mass flow rate is almost invariable when the speed is changed, which results from the fact that that the flow in the guide vane throat of the first stage reaches a critical condition and the inlet total temperature as well as total pressure of first stage do not change. Meanwhile, the total power increases with the increasing rotational speed. As to the little change of isentropic powers and mass flow rate, total power shows a similar trend to the system isentropic efficiency.
When the rotational speed is reduced, variations of the expansion ratios of the four stages are little. In addition, inlet total temperature does not change, so guide vane channel outlet velocity and flow angle are almost constant.
When the rotational speed is reduced, disagreement between guide vane channel outlet fluid's circumferential velocity and rotor's inlet circumferential speed increases gradually. In this condition, fluid velocity has a sharp rise when it rounds the leading edge and enters the suction surface side, as shown in Figure 17 . A vortex is generated near the suction surface at the inlet part of the rotor channel. This vortex moves towards the pressure surface and disappears at the corner between the pressure surface and the shroud. The vortex leads to the deterioration of fluid and the loss increasing, as shown in Figure 18 . When the rotational speed is less, loss near the suction surface at the inlet part of the channel is larger. This phenomenon is especially obvious when the rotational speed is below 80% rated speed.
Effect of reheating temperature
No inter-stage reheaters are applied in the early CAES system. To use the compression heat from the compressor, reheaters are installed before the expander of each stage in SCAES system. In this condition, inlet temperatures of each stage and the available total enthalpy drops will be increased, which leads to more power.
In addition to the compression heat from the compressor of CAES system, there are other heat sources with different conditions, such as the industrial waste heat, geothermal energy, and so on. These heat sources temperatures are different and they can provide different reheating temperatures. Since these industrial waste heat sources are below 520 C, several conditions utilizing temperatures from 60 C to 520 C are investigated. Figure 19 shows the relationship between the expansion ratios of each stage and the reheating temperatures. It can be seen that the expansion ratios of each stage decrease slightly except that of the first stage, which is due to the increasing inter-stage pressure loss. The flow speed during the reheaters increases with the increasing reheating temperature, which leads to the increase of frictional loss and inter-stage pressure drop. This causes the decrease of expansion ratios of each stage. For the first stage, its inlet total pressure is a fixed value and the inter-stage pressure loss between first and second stage can be neglected compared to the pressure drop of first stage, so its expansion ratio is almost invariant. Figure 20 shows the isentropic efficiencies of each stage and system average isentropic efficiency with different reheating temperatures. It can be seen that the isentropic efficiencies decrease with the increasing reheating temperature, which results from the increasing absolute velocity at the guide vane channel outlet. For a fixed rotational speed, the increasing absolute velocity will lead to higher incidence loss and the decrease of isentropic efficiencies. As each stage has the same trend, system average isentropic efficiency also reduces by the increasing the reheating temperature. Figure 21 displays the mass flow rate and total power across different reheating temperatures. This shows clearly that the change trend of the mass flow rate is opposite to that the total power. Total power increases with the increasing reheating temperature, due to the increasing the enthalpy drop of each stage. When the inlet temperature is increased, the outlet velocity of guide vane channel will increase at the same time. Even though the incidence loss will increase, higher outlet velocity will lead to higher outlet power. However, mass flow rate decreases with the increasing reheating temperature. This is due to mass flow rate having an approximately inverse ratio relationship with the square of the total temperature of the first stage inlet when the flow in the guide vane channel reaches a critical condition.
System isentropic efficiency decreases with the increasing inlet total temperature, whereas system total power increases with the increasing inlet total temperature. An appropriate reheating temperature needs to be selected for a better overall performance. Only considering the expanding system, system total exergy efficiency is defined as
where W tot is the total power, Exe 1in is the inlet exergy of the first stage, Exe 4out is the outlet exergy of the fourth stage, and Exe ðnÀ1ÞÀn is the inter-stage exergy increase. From Figure 22 , it can be seen that the exergy efficiency reaches a maximal value when the reheating temperature is about 400 K, which means that the rated reheating temperature is appropriate. When the reheating temperature is higher than 400 K, incidence loss will increase and the exergy efficiency will decrease. When the reheating temperature is lower than 400 K, outlet temperature is less than the environment temperature. As the temperature is reheated from less than environment temperature to greater than environment temperature, even though the enthalpy increases during the reheating, it is following the exergy loss in this process. In addition to the expansion system, other factors for the selection of reheating temperature include the condition of reheating source, change of load, efficiency requirement, and so on. Further study on the selections of reheating temperature will be conducted in the future.
The performance changes of all four stages have the same trend, so only one of them needs to be analyzed to obtain their internal flow characteristics. The fourth stage is chosen and the pressure, blade load, and specific entropy distribution of the guide vane channel and rotor channel are analyzed. When the reheating temperature is increased, outlet flow angle changes minimally and its value is about 80. 2 . This is mainly due to the unchanged guide vane angle. When the reheating temperature is increased, the outlet flow velocity increases almost linearly, as shown in Figure 23 . This may lead to its disagreement with rotor's inlet circumferential velocity and the drop of efficiency. Increasing velocity leads to the increase of the total pressure loss, as shown in Figure 23 . Figure 24 shows the guide vane channel specific entropy distribution of 50% blade height. It is clear that the distribution is uniform in the most part. The guide vane channel loss is mainly due to the increasing friction loss between channel wall and fluid. In addition, there is a flow separation area in the exit part, which leads to the flow deterioration and the increase of total pressure loss.
The blade loads at different blade heights are shown in Figure 25 . It is clear that the loads at 5% and 50% blade height increase with the increasing reheating temperature. However, the uniformity of loads is becoming poor. When the reheating temperature is increased, disagreement between the guide vane channel outlet flow's circumferential velocity and the rotor's inlet circumferential speed will increase. Fluid velocity has a sharp rise when it rounds the leading edge and enters the suction surface side. The fluid has an impulse to the pressure side due to the disagreement above and the fluid pressure increases for its velocity drop. Pressure difference between suction side and pressure side increases for the above reason. In Figure 25 (c) it can be seen that the suction surface pressure at the rotor channel changes little.
The 3D fluid stream at 520 C is shown in Figure 26 . This shows that there is a vortex at the rotor channel. This vortex is generated near the suction side at the inlet part and moves towards the pressure side until it disappears. This vortex is larger when the reheating temperature is higher.
Effect of guide vane opening
When the power of SCAES needs to be changed, an efficient way is to adjust the first stage guide vane opening. The expansion ratio, mass flow rate, and efficiency of each stage will be changed in this condition. To research the influence of guide vane opening, several conditions from 30% to 80% are investigated. The guide vane opening is defined as
where Á is the difference between blade angle at full open condition and full close condition, is the blade angle at working condition, and c is the blade angle at full close condition, as shown in Figure 27 . From Figure 28 , it is clear that the expansion ratios of the first and fourth stage change the most, while the third stage increase only when the guide vane opening is less than 60% and the second stage is almost constant. When the guide vane opening is reduced, the smaller flow area leads to less mass flow rate. As to the fourth stage, its inlet total pressure needs to be reduced to meet the requirement of mass flow rate drop. As the outlet total pressure of the fourth stage is invariant, the expansion ratio of the fourth stage shows an opposite trend to the guide vane opening. When the guide vane opening is above 60%, flows in the guide vane channels of second, third, and fourth stages reach a critical condition and the expansion ratios of second and third stage change little. When the guide vane opening is below 60%, flow in the guide vane channel of the third stage does not reach a critical condition. The expansion ratio of third stage reduces with the guide vane opening. When the guide vane opening is reduced, the inlet total pressure of the second stage reduces at the same time. For these reasons, the expansion ratio of the first stage has an opposite trend compared to the guide vane opening. Similar to the obvious change of the expansion ratio, isentropic efficiencies of the first and fourth stage change the most, as shown in Figure 29 . For the first stage, when the guide vane opening is increased, flow loss in the stator will diminish. In addition, outlet flow angle tends to the optimal value, so its isentropic efficiency increases quite evidently with increasing guide vane opening. For the fourth stage, when the guide vane opening is increased, its expansion ratio is first less than the optimal value and then beyond this value, and so its isentropic efficiency increases first and then decreases with the increasing guide vane opening. For the second and third stages, their expansion ratio changes are less compared to the other stage and the expansion ratio values are near the optimal values, so their isentropic efficiencies change little. The system average efficiency increases with the guide vane opening.
From Figure 30 , it can be seen that the mass flow rate and total power increase almost linearly with increasing guide vane opening. When the guide vane opening is increased, flow in the guide vane throat of the first stage reaches a critical condition. Mass flow rate is almost in direct proportion to the guide vane throat cross-sectional area in this condition. As the guide vane throat cross-sectional area is almost in direct proportion to the guide vane opening, mass flow rate is also almost in direct proportion to the guide vane opening. Even though the isentropic efficiency of the first and fourth stages change a lot with the guide vane opening, the change of system average isentropic efficiency is slight and it is nearly in proportion to the guide vane opening. The change of the first and fourth stages is more obvious compared to the other stages when the guide vane opening is reduced from 80% to 30%. Variation of the fourth stage is mainly due to the reduced inlet total pressure and this condition has been investigated above. Change in the first stage is mainly due to the reduced guide vane opening, so the internal flow of the first stage will be researched next.
The reduced guide vane opening leads to the increase of the outlet flow angle and velocity of the guide vane channel. Guide vane channel pressure loss mainly occurs at the last 20% of the channel, as shown in Figure 31 .
When the guide vane opening is smaller, the increasing disagreement between the outlet flow's circumferential velocity and rotor's circumferential linear velocity would increase the flow loss of the guide vane channel, as shown in Figure 32 . This phenomenon is especially significant at small guide vane opening. When the opening is smaller, the flow mass leaking from the blade tip and root clearance to the main channel is greater. The mixing of the leaking flow and the main flow leads to increasing flow loss and inconsistent outlet flow.
Efficiency drops rapidly with reduced guide vane opening. To investigate the reason for this Figure 33 . It is clear that the pressure, pressure difference, and pressure difference uniformity at streamwise increase with the increase in the opening.
When the guide vane opening is reduced, a vortex is generated near the suction side at the inlet part of the rotor channel, as shown in Figure 34 . The vortex leads to the drop of fluid velocity and the increase of static pressure in this region, which leads to the drop of pressure difference and power. When the guide vane opening is reduced, some main stream even flows from the pressure side to the suction surface, which leads to the increase in the suction side pressure and decrease in the pressure difference and power. The loss increase and power reduce lead to the drop of efficiency due to the above reasons.
Conclusion
In this paper, concerning the SCAES system, the overall performance and internal flow characteristics of variable operating conditions of the multistage reheating radial inflow turbine are analyzed with integral numerical calculation. The following conclusions can be drawn from the analyses:
1. For the multistage reheating radial inflow turbines, influences of rotational speed and reheating temperature on the expansion ratio can be considered to be negligible. When the inlet total pressure of the first stage is reduced, changes in the expansion ratios from the first stage to the fourth stage increase gradually when compared to the rated condition. When the guide vane opening is increased, expansion ratio of the first stage and fourth stage change the most and the change in trend of the first stage is different from the other stages. 2. Isentropic efficiencies of each stage and system increase with the increase in the rotational speed. However, they are reduced when the reheating temperature is increased. When the inlet total pressure of the first stage is reduced, isentropic efficiencies of each stage change little except for the fourth stage. System isentropic efficiency decreases about 1% when the inlet total pressure is reduced from 7 MPa to 3 MPa and the fourth stage isentropic efficiency decreases about 7%. When the guide vane opening is increased, the isentropic efficiency of the first stage increases all the time but the fourth stage first increases and then decreases. System isentropic efficiency decreases about 4% when guide vane opening is reduced from 80% to 30%. 3. Total power is almost in proportion to the inlet total pressure of the first stage, guide vane opening and it reduces with the decline of rotational speed. When the reheating temperature is increased from 60 C to 520 C, the system total power increases by about 105%.
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